Recent detection of western corn rootworm resistance to Bt (Bacillus thuringiensis) corn prompted recommendations for the use of integrated pest management (IPM) with planting refuges to prolong the durability of Bt technologies. We conducted a simulation experiment exploring the effectiveness of various IPM tools at extending durability of pyramided Bt traits. Results indicate that some IPM practices have greater merits than others. Crop rotation was the most effective strategy, followed by increasing the non-Bt refuge size from 5 to 20%. Soilapplied insecticide use for Bt corn did not increase the durability compared with planting Bt with refuges alone, and both projected lower durabilities. When IPM participation with randomly selected management tools was increased at the time of Bt commercialization, durability of pyramided traits increased as well. When non-corn rootworm expressing corn was incorporated as an IPM option, the durability further increased. For corn rootworm, a local resistance phenomenon appeared immediately surrounding the resistant field (hotspot) and spread throughout the local neighborhood in six generations in absence of mitigation. Hotspot mitigation with random selection of strategies was ineffective at slowing resistance, unless crop rotation occurred immediately; regional mitigation was superior to random mitigation in the hotspot and reduced observed resistance allele frequencies in the neighborhood. As resistance alleles of mobile pests can escape hotspots, the scope of mitigation should extend beyond resistant sites. In the case of widespread resistance, regional mitigation was less effective at prolonging the life of the pyramid than IPM with Bt deployment at the time of commercialization.
The use of Bt corn has steadily increased in the United States since its first release in 1997 for the control of lepidopteran pests and then in 2003 for coleopteran control (US EPA 2010 , USDA ERS 2015 . Today, most of this Bt corn is planted as a stack (expressing two pesticides aimed at different pests) with herbicide-resistant traits (e.g., glyphosate) and estimated to account for 81% of all U.S. planted corn in 2015 (USDA ERS 2015) . The first Bt protein registered by the United States Environmental Protection Agency (US EPA) in 2003 for the control of the western corn rootworm (Diabrotica virgifera virgifera LeConte) was Monsanto's Cry3Bb1 expressed in MON 863 corn (aka YieldGard Rootworm), which was replaced by MON 88017 in 2005 (YieldGard VT Rootworm expressing Cry3Bb1 and glyphosate-resistant gene). Three additional Bt proteins were registered by the Agency for the control of corn rootworm (US EPA 2010) : Dow AgroSciences and Pioneer Hi-Bred received a registration for Cry34/35Ab1 in 2005 -a binary toxin (aka Herculex Rootworm); and Syngenta's two Bt proteins, mCry3A expressed in MIR604 corn and eCry3.1Ab (commercialized in corn containing mCry3A), were registered in 2006 and 2012, respectively. Subsequent to these first three corn rootworm-controlling single-toxin registrations, the Agency approved the first corn rootworm Bt pyramid (multiple toxins expressed in a corn plant to control the same pest) in 2009 (US EPA 2009) . None of the current Bt toxins (single or pyramided) express a high dose against corn rootworm (US EPA 2010) but rather a moderate dose, which selects for resistance faster than a low or high dose Bt toxin would Croft 1982, Gould 1998) . The current refuge requirement (planting a portion of non-corn rootworm expressing corn with Bt) for corn expressing a single rootworm Bt toxin is a 20% structured refuge adjacent to the Bt field (or internal refuge planted as strips) or 10% seed blend (RIB, Refuge-in-the Bag), where non-Bt and Bt seeds are mixed into the same bag. For corn Published by Oxford University Press on behalf of Entomological Society of America 2016. This work is written by US Government employees and is in the public domain in the United States.
plants expressing more than one rootworm Bt toxin, the requirement is a 5% structured refuge or 5% RIB (US EPA 2010) .
Western corn rootworm resistance to Cry3Bb1 was first documented six years after its first release, initially in Iowa based on field failures and population collections in 2009 (Gassmann et al. 2011 Gassmann 2012) . Thereafter, resistance was identified from 2012 in collected populations in multiple locations in Illinois and also in Nebraska (Gray 2012 , Wangila et al. 2015 . Cross-resistance between Cry3Bb1 and mCry3A and field resistance to mCry3A were reported soon after in Iowa and Nebraska (Gassmann et al. 2014 , Wangila et al 2015 . In light of these resistance reports and an academic letter to the US EPA (Porter et al 2012) , the Agency voiced concern over the current regulatory resistance detection process for corn rootworm and the fact that resistance was confirmed by an independently developed on-plant assay at Iowa State University (US EPA 2011 . In response, the Agency convened a Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) Scientific Advisory Panel (SAP) meeting in 2013 to obtain expert recommendations for improvements of the current corn rootworm resistance monitoring program.
The US EPA FIFRA SAP (2014) explicitly recommended that for corn rootworm control with Bt, planting a refuge needed to be combined with an integrated pest management (IPM) approach to prolong the lifetime of the current non-high dose Bt technology. The Panel agreed with EPA (2013) that the suggested generic remedial action plans for corn rootworm needed to be replaced with specific plans. In addition, any remedial action plan should undergo scientific scrutiny, much like required insect resistance management (IRM) plans at the time of the registration process for a Bt event, and that theoretical models should be used to explore the potential success of different mitigation strategies. The FIFRA SAP agreed with EPA's proposal that remedial action (or mitigation) plans needed to be in place before field resistance developed, so that pestspecific mitigation would be triggered with little delay when resistance was confirmed (US EPA 2013 , US EPA FIFRA SAP 2014 .
Following the FIFRA SAP's (2014) recommendation, we explored whether the inclusion of other pest management methods (e.g., IPM) could extend the lifetime of a hypothetical non-high dose Bt pyramid when deployed with refuges and assessed their relative merits. The use of IPM in our context refers to the use of economic thresholds and all available corn rootworm pest management tools, while carefully weighing the impact of pesticide applications on the natural environment. We also separately modeled the use of soilapplied insecticides (SAI) with Bt deployment as a control strategy because corn growers have increasingly used this tactic for single and occasionally pyramided Bt corn as an insurance policy since reports of corn rootworm resistance to Cry3Bb1 became prevalent (Gray 2013 . Our modeling of SAI use with Bt corn does not represent an endorsement of this practice but rather should be viewed as a reflection of what appears to have become a common practice for corn growers in certain areas of the Corn Belt today. We examined whether mitigation in response to corn rootworm resistance had the potential to slow adaptation in the landscape when implemented with a time delay (one generation) and after resistance was first visually detected through field failure in a single field (i.e., hotspot) while the surrounding fields harbored susceptible populations. Hence, we use "mitigation" in the context of "making consequences of resistance less severe" (Andow et al. 2015) . We use resistant site synonymously with hotspot or UXI (unexpected injury) site as proposed by Andow et al. (2015) , the latter referring to a pest's effect on the host plant's physiology and morphology (Pedigo et al. 1986 ). The analysis also estimated whether the durability of a pesticidal trait or gene at the second locus could be prolonged through mitigation when resistance was widespread for the first toxin. This research provides a theoretical framework and first step for testing remedial action plans in case of resistance development in western corn rootworm. Ultimately, the various simulation results have the potential to make recommendations for improved stewardship of non-high dose Bt pyramids and mitigation plans for corn rootworm. This type of work differs from the historical approach (proposing remedial action without theoretical analysis) and relies on simulation modeling of various mitigation strategies to determine the relative merits of various management approaches.
Materials and Methods

Model Specifics
A two-locus (i.e., two-gene), discrete generational and spatially explicit model was developed with a probabilistic and deterministic mode specifically for western corn rootworm (using Java version 7, 2013, NetBeans IDE 7.4) . The model consisted of six separate, successive developmental and behavioral phases that occurred once per year: egg stage with a probability of mortality, larval stage where selection on Bt corn occurs and natural mortality takes place on Bt and non-Bt plants with a certain probability, density-dependent mortality occurs to larvae after selection (separately assessed on Bt and non-Bt plants), pre-mating adult dispersal followed by mating with a proportion of the Bt population mating non-randomly, and post-mating dispersal for a fraction of the female population ( Fig. 1) . We investigated the effects of "IPM upfront" with planting of a structured refuge or seed blend on the lifetime of a hypothetical non-high dose, dual Bt toxin pyramid. Pyramided Bt events are genetically engineered, pesticidal traits that are expressed simultaneously in a plant for the purpose of increased crop protection. They are typically more effective than single Bt events because of the concept of redundant mortality and in absence of cross resistance between the Bt traits (Roush 1998 , Zhao et al. 2005 . "IPM upfront" in our simulations refers to the use of cultural or insecticidal controls at the time of a new Bt pyramid commercialization in addition to, or instead of, Bt deployment with the mandated refuge alone. The IPM tools incorporated were crop rotation to a non-corn rootworm host, SAI applications with non-Bt corn, increasing the refuge size, and the use of adulticide sprays when the economic thresholds were exceeded (e.g., silk clipping); these tools are more specifically described in the "IPM and Mitigation Modeling Scenarios" section. We explored how best to manage a compromised pyramid (e.g., some resistance present for one locus) when resistance was geographically contained in a field (i.e., hotspot resistance) or widespread in the landscape with 10% resistance (rfrequency ¼ 0.10) at Locus 1. Mitigation of resistance, therefore, describes an action aimed at the further spread of resistance in our simulated landscape rather than extirpation of resistant individuals or a return of resistance allele frequency to pre-commercialization levels. Roush and Miller (1986) suggested that 10% resistance was approximately the limit of detection with conventional diet bioassays, and we assumed this level of detection for our resistance cases. The deterministic mode of the model was used to explore effects of site-specific and regional mitigation on the spread of the resistance allele in the landscape for cases of hotspot resistance with high population density and with a delay of one year before instituting mitigation. The simulations were terminated when the resistance allele frequency was 0.50.
The landscape consisted of a 51 Â 51 field matrix (one field represented 50 ha of corn with 4 million plants; matrix size ¼ 36.1 km Â 36.1 km) and was designed as a torus (ring-shaped doughnut). The matrix can be imagined to be folded once at two opposite sides to form a tunnel structure. The resulting ends are then folded back on each other to form a "closed doughnut" commonly referred to as torus. All fields in this landscape are identical, and each can be viewed as the center of the torus. A torus assumes that the simulated region is surrounded by similar systems, and for hotspot resistance simulations, our model placed a recurring resistant field into the landscape every 36.1 km (Fig. 2 ). This assumption could present a worst-case resistance scenario for areas in fringe states of the Corn Belt (Michigan, New York, Pennsylvania, etc.). For major corn-growing states like Illinois, Iowa, Minnesota, and Nebraska, this distance of recurring hotspots may be too large.
Stochasticity was added into the system at the beginning of a simulation by initializing the corn rootworm population size in each field with an egg density randomly drawn from a uniform distribution (interval between 0 and 60,000,000 per 50-ha field). This range translated into 0.75 adult beetles per corn plant assuming 5% natural survivorship in absence of Bt. In the resistance hotspot, this population size was increased to 440,000,000 eggs, producing 22 million beetles in a 50-ha field or five beetles per plant. This random initialization of population densities allowed for potential source sink dynamics in the landscape. Further variability in the system was introduced by sampling life-history and other parameter values from PERT-Beta (mode, minimum, and maximum; Vose 2001), Poisson (variance ¼ mean), and uniform distributions (minimum and maximum) at the beginning of a simulation (Table 1) .
Dispersal
We used a two-dimensional Gaussian redistribution kernel to simulate adult movement through space (see equation1). Equation 1 is the solution to Fick's equation of diffusion in two dimensions (Okubo 1980) and represents the cumulative displacement expected in one time step under the assumption of Brownian motion. Our use of center-to-center distances is a common approximation of the continuous kernel in grid-based models (Slone 2011). yðx; yÞ ¼ y 0 e Àðx 2 þy 2 Þ=ð4DÞ 4pD (1)
The redistribution kernel multiplied by the number of dispersants y 0 from a particular field assigns a number of individuals y ðx;yÞ into the landscape based on the distance from the natal field (x and y being coordinates in the two-dimensional system). The diffusivity D (field 2 /time step) describes the pest's propensity to disperse. In continuous space, mortality and settling during movement were ignored for simplicity, and the proportion of insects leaving the natal site always arrived in a new field. A number of individuals of the population y 0 left the natal field and engaged in inter-cell dispersal using a single, discrete convolution of the kernel. As further explained in the dispersal section, this percentage was set lower for western corn rootworm (10%) than supported by the latest data to be able to create a local resistance phenomenon in a field and possibly associated neighboring fields (i.e., elevated resistance allele frequency in hotspot area compared with resistance allele frequencies observed in surrounding fields). The remainder of the population 1 À y 0 was assumed to stay in the natal field to engage in trivial dispersal (Southwood 1962) . The model's combination of inter-and intra-field dispersal produced a leptokurtic distribution of movement consistent with general empirical observations among plants and animals, where a fraction of individuals in the population engage in longer dispersal than others (Okubo 1980) . All redistribution kernels were normalized by dividing each cell of the kernel by its sum so that the distribution summed to 1 (Slone 2011) and kept the population abundance constant; the model, therefore, represents a closed system, and no individuals were lost during the dispersal process. The motion of each individual was random and independent of the motion of all other individuals dispersing. We realize that this is an oversimplification of what can occur in the field where environmental conditions as well as chemical signals can facilitate or hamper the dispersal process.
Specifically, dispersal for the adult western corn rootworm was simulated as follows: general pre-reproductive, inter-field dispersal followed by another event for female post-mating long-distance dispersal. Trivial intra-field movement of insects as motivated by available food sources (Southwood 1962) was not modeled explicitly, though empirical data for this type of movement were discussed by Nowatzki et al. (2003) and later reviewed by Caprio and Glaser (2010) . Nowatzki et al. calculated adult daily dispersal distance to be, on average, 14.5 m. Caprio and Glaser reevaluated their movement data using a "random walk" model for insects, disregarding insects categorized as not moving, and reported that adult Nowatzki et al. (2003) was underestimated and closer to 29 m/day (or 594 m and 776 m for lifetime dispersal of female and male beetles). The inter-field movement modeled here is distinct from this trivial motion. We assumed that when a corn rootworm adult moved out of the natal field, movement occurred in response to a physiological cue (Johnson 1960 , Kennedy 1961 , and Southwood 1962 and was independent of available food resources. Evidence for adult corn rootworm dispersal on a larger geographic scale can be found, for example, in the work by Onstad et al. (1999) and Kim and Sappington (2005) . Onstad et al. (1999) modeled the spread of the soybean-corn rotation-resistant corn rootworm across northern corn states using meteorological and behavioral information. Their model predicted that based on prevailing storms and winds, the rotation-resistant variant could be expected to spread between 10 and 30 km per year during a 10-yr period. Using microsatellite markers with high variability, Kim and Sappington (2005) reported that there was little genetic differentiation present between populations of western corn rootworm sampled from across the United States, likely because of the species' recent range expansion (movement from eastern Colorado in the mid-1900s to the East Coast by the 1990s) rather than high migration rates. Though it is not our aim to use long-distance migration studies to parameterize inter-field dispersal behavior in our model, we view these migratory studies as evidence that movement out of natal fields occurs more frequently than suggested by intra-field movement. Furthermore, at what point, non-migratory dispersal transitions into migratory flight behavior is unclear, and the actual threshold distance demarcating the end of one and the beginning of the other is considered relative (Dingle 1965) . The fields in our current corn rootworm model consisted of 50 ha (707 m Â 707 m), the upper range for average cornfields in the United States. We chose a mode of 2 for pre-reproductive diffusivity, which translates into a probability of moving across a distance of two fields (or ffiffiffiffiffiffiffi 2D p Â 707m ¼ 1414 m) for those individuals leaving the natal field (min D ¼ 1 field 2 /generation or 999.8 m; max D ¼ 3 field 2 /generation or 1731.7 m). For female post-mating dispersal, our chosen model values were informed by flight mill data (Coats et al. 1986 ). Sustained flights by corn rootworm could last up to 4 h and translated into a maximum distance of 24 km (equal to 33.9 [50-ha] fields). We took into consideration that there is significant uncertainty about how flight mill data compare with actual sustained flights in the natural environment and, therefore, set the values for female post-mating diffusivity lower than suggested by Coats et al. (1986) but higher than for general adult pre-reproductive diffusivity (min D ¼ 3 field 2 /generation or 1731.7 m, mode D ¼ 4 field 2 /generation or 1999.7 m, max D ¼ 5 field 2 /generation or 2235.7 m). A sensitivity analysis is presented for the diffusivity parameters across a wider range of values to explore possible effects on time to resistance development.
Movement proportion for pre-mating dispersal was set to 10% (mode) with a minimum and maximum value of 5% and 30%, respectively, though Spencer's estimates suggested that our mean value may be too low (U IL, unpublished data). A sensitivity analysis is presented for a larger dispersal proportion to investigate potential effects on resistance evolution. The reason for setting our mean dispersal value below Spencer's estimate was to try and create a local resistance phenomenon around the resistant site, which is typically assumed to occur for resistant corn rootworm based on its limited dispersal. Empirically derived inter-field dispersal proportions of corn rootworm have not yet been published, though Spencer's latest data suggest that approximately 3% of corn rootworm leave the natal field per day. In a mark-release-recapture study conducted in Europe with a 1% recapture rate, it was estimated that 50% of the invasive North American corn rootworm dispersed between 117 and 425 m per day, and one percent of adults had travelled between 775 m and >8 km (Carrasco et al. 2010) . It was further estimated that 9-45 and 0.6-21% of adults could escape a 1-km and 5-km buffer zone, respectively, within one generation. This represents a distance of 1.4 and 7.0 (50-ha) fields, as simulated in our case. In absence of better data for the United States, this European study could further inform the present understanding of dispersal propensity for western corn rootworm in North America. The proportion for female long-distance post-mating dispersal has been reported as low as 15% (Coats et al. 1986 ) and as high as 25% (Naranjo 1990 ); the mean value in this model was set to 15% (min 5%, max 25%).
Resistance and Genetics
Typically, it has been assumed in simulation studies that western corn rootworm resistance is complete and governed by one major gene (Crowder and Onstad 2005 , Pan et al. 2011 . This assumption appears to be incorrect, however (US EPA FIFRA SAP 2009 , Gassmann et al. 2011 , Meihls et al. 2012 , and Ingber and Gassmann 2015 , though new data may suggest in the case of Cry3Bb1 that one major gene could be responsible for resistance (Flagel et al. 2015) . These latest results are limited because it is unclear how much resistant relevant genetic information was lost by introgressing the Cry3Bb1-resistant colony (HopR; Gassmann et al. 2011 ) with the non-diapausing Cry3Bb1-susceptible lab colony (BrookS; USDA, Brookings South Dakota). Furthermore, the genetic markers identified by Flagel et al. (2015) accounted only for a fraction of the variation in resistance. As in other theoretical studies of corn rootworm resistance (Crowder and Onstad 2005 , Pan et al. 2011 , we decided to model corn rootworm resistance with one major gene at both loci -fully aware that this is a limitation of the modeling exercise when actual years to Bt resistance are of main interest. Incomplete resistance can be expected to slow the time to resistance; our assumption then contributes to underestimating the durability of the non-high dose pyramid. As we are mainly interested in relative comparisons between various strategies and their projected time-to-resistance, we believe that the analyses still provide valuable insights despite this simplification.
None of the currently commercialized Bt events expresses a high dose for corn rootworm (US EPA 2010), as has been available for lepidopteran pests of Bt (Huang et al. 2011 ); therefore, we chose to (Storer 2003 , Gray et al. 1992 ; range allows for early and late emerging beetles to escape control; assumes MoA are rotated every year Egg load initialization in each field 0-6.0e þ07 For hotspot resistance in UXI site, egg load was set to 4.4e þ08 million/ha model two hypothetical, non-high dose events expressed in the pyramids. At each of the two somatic loci, there were two alleles (S for susceptible and R for resistance) resulting in three possible genotypes either controlling for susceptibility or resistance to one of the Bt events. We addressed uncertainties with our hypothetical survival assumptions by sampling values from the PERT-Beta distribution ( Table 1) . The modal value in the probability sampling for the susceptible fitness component (W SS ) was 0.20. The value for the fitness of the homozygous resistant genotype (W RR ) was held fixed at 1.0. The modal value for dominance (h ¼ 0.10) was selected as a first approximation, and we responded to this uncertainty by increasing the maximum value in the PERT-Beta distribution to 0.20 (Table 1 ; also see Caprio and Glaser 2010) . Equation 2 was used to calculate the heterozygous resistant genotype's fitness (W RS ):
Total genotypic survival from exposure to the two Bt traits was determined by multiplying the fitness components at each locus. No fitness costs were assumed, as this appeared to reflect the most realistic situation (Oswald et al. 2012 , and Hoffmann et al. 2014 ). Nevertheless, there may exist some geographic variation for this characteristic because reported one population in Iowa with fitness costs. In the absence of fitness costs, resistance can be expected to evolve faster, and simulations should predict lower durability estimates.
Corn Rootworm Parameters
Corn rootworm density dependence in our model occurred after natural and Bt mortality took place and was simulated as scramble competition using the Hassell equation (1975) to regulate population densities on refuge and Bt plants (separately) in each field. Scramble competition implies that larvae have equal access to resources, resulting in complete survival with an abrupt threshold of 100% mortality when the resource is exhausted (Nicholson 1954 ). More broadly, scramble competition is under-compensatory density dependence. The Hassel equation expressed with our parameters is:
NrEggs refers to the total egg density in a field at the beginning of a year (time t), while NextGenEggs (at time t þ 1) has two definitions and is calculated based on 1) the potential total number of eggs at the beginning of generation t using the Hassel equation and 2) the actual number of surviving adults at time t by multiplying the number of adult females by the fecundity per female. A population regulation survival measure was obtained during the density-dependent subroutine (as discussed by Martinez 2015) consisting of the ratio of potential total number of NextGenEggs and actual number of NextGenEggs. When the ratio was !1, then no density-dependent mortality occurred and the larval population size in a field at time t was maintained. When the ratio was < 1, the larval population size in that field at time t was reduced as follows: the genotypic frequencies were multiplied by the calculated ratio and NrEggs at time t. This effectively reduced the larval population numbers when density dependence took place. The genotypic frequencies were recalculated and adjusted to Hardy-Weinberg frequencies for eggs of survivors (after mating). Density-dependent effects were calculated separately for Bt and non-Bt plants in a field, and weaker intra-specific dynamics should be expected initially in a selection environment because of smaller pest numbers on Bt plants at low resistance allele frequencies.
The variable "b" in equation 3 is responsible for making the transition from scramble to contest competition. When 0 < b < 1 or 2 < b > 1, the system displays over-compensation. When b ¼ 1 (and R 0 > > 1), there is perfect compensation (contest competition). The condition where 2 b < 1, under-compensation and scramble competition take place. We focused on modeling under-compensatory density dependence (or scramble competition) for the corn rootworm with an intrinsic growth rate further described below. Using equilibrium assumptions (NextGenEggs/NrEggs ¼ 1) for equation 3 and solving for b using equation 4 (see derivation in Hassel 1975, equation 19) and the threshold of 2 for scramble competition, the resulting value for b in our model was 2.99. bð1 À Ro À1=b Þ ¼ 2
Likewise, the value for the parameter "a" in the Hassell equation 3 was obtained at equilibrium and NrEggs was replaced with the carrying capacity K:
The carrying capacity for number of corn rootworm adults per plant was set to 30 individuals (Hibbard et al. 2004 ). Using overwintering survival of 0.50 (Godfrey and Turpin 1983; Onstad et al. 2006 ) and egg viability and mean larval survival of 0.10 and 0.90, respectively, the carrying capacity for number of eggs was 667 eggs and resulted in an overall egg-to-larval survival of 4.5%. This value falls within the reported survival range of 3-8% (Hibbard et al. 2010) . Pupa and adult survival were set to 1.0 (Onstad et al. 2006) . Average fecundity was set to 1,087 eggs per female based on three egg clutches (Hill 1975) . The intrinsic growth rate, R 0 , in this corn rootworm model was set to 24.5 based on overwintering survival, egg viability, larval survival, and average fecundity values. Variability sampling was conducted for overwintering and larval survival as well as fecundity (Table 1) .
Assortative mating was only incorporated for block refuge simulations because of reported limited daily and intra-field movement of adult corn rootworm , Spencer et al. 2009 , but also see Caprio and Glaser 2010) . Non-random mating in this context refers to a fraction (1-k) of the population emerging from the Bt portion of the field that mated with the susceptible individuals emerging from the refuge. We assumed there was an equal probability that refuge insects mated amongst themselves or with (1-k) Bt insects. The remaining fraction k mated randomly within the pool of individuals from the Bt portion of a field. The fraction k was assumed to be a function of field size (Caprio and Glaser 2010) and fixed at 40% (see Caprio and Glaser 2010 with 30% non-random mating). A preliminary analysis showed that as the percentage of non-random mating k increased, time to resistance development increased as well for the pyramid, similar to reports by Caprio (2001) . As a first approximation, we simulated oviposition of eggs as uniformly distributed across the 50-ha fields (blocks and RIBs). The block refuge was maintained in the same location during a simulation run.
Refuge Strategies
The strategies used for the dual-gene pyramid were a 5% external structured block refuge and 5% seed blend. For the RIB, inter-plant movement was included analogous to the process described by Mallet and Porter (1992) . Larval movement occurred once as in Mallet and Porter (1992) . There was a probability that a larva left (M ¼ 0.30) or remained (1-M) on a plant. Newer research suggests, however, that larval movement could be higher in RIBs than assumed here (Head et al. 2014 , Keweshan et al. 2015 . When a larva dispersed in our model, there was a probability that it reached a Bt plant (1-V) or refuge plant (V). The probability V took on the same value as the parameter for "percent refuge" (e.g., PropRef ¼ 0.05), while 1-V was equal to the Bt proportion modeled (PropBt ¼ 1-PropRef). Bt mortality was based on genotype and incurred before movement took place. If movement occurred between Bt plants, a 20% movement mortality was incorporated, assuming that this proportion of larvae never arrived at their destination. Successful arrival on a Bt plant was followed by a probability of additional genotypic selection. For larvae moving from non-Bt or Bt and arriving on non-Bt plants, a probability of 20% movement mortality was incorporated only. If movement began on non-Bt and ended on a Bt plant, genotype-specific selection on the Bt plant followed the probability of inter-plant movement mortality. Our overall 20% movement penalty in the RIB simulations may be an oversimplification. Work by Head et al. (2014) suggests that asymmetrical movement mortality is a possibility favoring survival to adulthood if corn rootworm moves from Bt to surrounding non-Bt plants but not if movement occurred between Bt plants. Zukoff et al. (2012) reported that if two refuge plants surrounded a SmartStax plant and movement occurred from refuge to Bt, survival to adulthood on SmartStax V R could be great later in the season. We acknowledge that by using a uniform probability of interplant movement mortality in our RIB simulations, we may have underestimated survivorship compared with reports in these two field studies. Lower larval densities reduce effects of population regulation, especially on refuge plants. Weaker density-dependent interactions have shown to contribute to greater durability for Bt crops (Martinez 2015) . However, lower densities of refuge insects contribute to reduced projected durability. The inter-plant movement code was validated without movement mortality, and results of the RIB simulations demonstrated (as in Mallet and Porter 1992) that the durability of the pyramid was comparable to the durability of block refuge simulations with equal refuge proportion.
IPM and Mitigation Modeling Scenarios
When we modeled the use of IPM, the following tactics occurred: adulticide sprays when the economic threshold for silk clipping was exceeded (IFCSM 2015) and before dispersal and mating took place, non-corn rootworm-protected corn þ SAI use (entire 50-ha field), increasing the refuge size from 5 to 20% (on 50-ha field) with some level of non-compliance (Table 1) , and rotating fields to a non-corn rootworm host (i.e., soybean with 2% Bt and non-Bt plants expressing levels of Bt in roots as previous maternal plants). F1 Bt corn plants can express sublethal levels of Bt, especially under nitrogen deficits in soybean fields (Marquardt et al. 2014) , and non-Bt plants could express some levels of Bt if maternal plants were cross-pollinated with Bt pollen; such scenarios could hasten resistance evolution but were not considered here. When we modeled mitigation of resistance, we incorporated all IPM tools with Bt deployment (adulticide sprays but with a lower economic threshold to prevent egg-laying; greater refuge size; and crop rotation), except the planting of non-corn rootworm-protected corn with SAI applications. Though our preliminary analyses suggest that such an IPM strategy could further protect the lifetime of the second uncompromised toxin in the pyramid, we decided to focus on the compromised toxin only with no-cost to resistance. We modeled the individual scenarios first to understand the relative merits of controlling corn rootworm populations with different management approaches before running the IPM analysis (note that Bt þ SAI was not modeled in these IPM scenarios). We separately explored: 1) 95% Bt þ 5% refuge, 2) 95% Bt þ 5% refuge þ SAI (Gray 2013) , 3) Bt deployment with increased refuge size (20%), and 4) crop rotation (with 2% volunteer corn). Nonrandom mating was maintained at 40% for the increased refuge simulations.
Scenario 1 represented our baseline analysis for the hypothetical non-high dose Bt pyramid in absence of any other control tactics used. Ninety-five percent Bt with a 5% external block refuge (fixed location) or a 95% Bt with 5% seed blend refuge was planted on all fields for each successive corn rootworm generation.
In Scenario 2, we assumed that in addition to the baseline scenario, SAI treatments were applied at planting with the intention to protect growers' yield but not as a rootworm population management tool (Gray et al. 1992) . We specifically compare Scenarios 1 and 2, to assess whether there could be potential IRM benefits to using SAI with Bt. New research suggest, however, that developmental delays occur on Bt corn with SAI use, which can lead to increased non-random mating between adults emerging from refuge and Bt plants and, thereby, exacerbate development of Bt resistance (Petzold-Maxwell et al. 2013 , Frank et al. 2015 . Storer (2003) used a survivorship range of 0.2 to 0.80 for SAIs based on published information by Sutter et al. (1991) . Considering both Storer (2003) and Gray et al. (1992) , we examined SAI survival in the range of 0.5-1.0. Values were sampled at random from a uniform distribution. The model did not consider resistance to SAIs.
In Scenario 3, the standard 5% refuge size for a pyramid was increased to a 20% refuge to test whether the durability for a nonhigh dose product could be increased as previously proposed for single Bt corn (Tabashnik and Gould 2012) . Both IRM strategies (block and RIB) were re-evaluated here with a special interest to compare outcomes from Scenarios 1 and 3.
For Scenario 4, crop rotation to a non-corn rootworm host (e.g., soybean) was modeled, and it was assumed that 2% volunteer corn plants co-occurred in all fields each year. The 2% refers to the original size of the Bt and refuge compartment in the model, and hence, there was always more Bt in the non-host field than non-Bt corn. Larval densities were regulated by two mechanisms: toxic mortality on Bt plants and subsequent density-dependent mortality on refuge and Bt plants.
In Scenario 5, various IPM participation percentages were examined at 40, 50, and 70% to test for effects on the durability of the pyramided traits. We were interested in analyzing whether increasing the IPM participation in the landscape could delay the time to resistance and what the relative differences were between the various percentages tested. For each participation percentage investigated, we initially included the option of planting non-corn rootworm-protected corn with SAI and then excluded this option from the IPM analysis to explore whether interspersing non-selective periods in some fields of the landscape and allowing the susceptible pool of insects to increase would significantly delay the time to resistance for the pyramid. The 95% Bt with 5% refuge strategy occurred with the greatest likelihood, [1-IPM participation rate]. We allowed for adulticide spraying with this strategy when more than five adults were present per plant, which represents the economic threshold for silk clipping and protecting pollination of ears in Illinois (IFCSM 2015) . We used a uniform distribution with a minimum and maximum survivorship value of 0.10 and 0.30, respectively, when spraying occurred. Although adulticides are extremely efficacious contact poisons against susceptible corn rootworm (Caprio et al. 2006) , beetles may emerge both before and after a field application, which provides an opportunity for resistance genes to escape from a site of concern; this fact was accounted for in our choice of survivorship range. Adulticides were not modeled with resistance genes, and it was assumed that different modes of actions would be available for rotation purposes to avoid resistance evolution during the time simulated.
For Scenario 6, we investigated the spread of the resistance genes out of a resistant site (r-frequency ¼ 0.10 at Locus 1, and artificially inflated the UXI population density to five beetles per plant), surrounded by fields with susceptible populations (rfrequency ¼ 0.005 at Locus 1), when no mitigation tools were applied in the hotspot but Bt corn with the standard 5% refuge was planted in the entire landscape. These simulations were conducted using the deterministic mode of the model. Average resistance allele frequency was calculated in the local neighborhood, including the resistance hotspot (one to five fields in each cardinal direction; Fig. 2 ). This scenario of allowing resistance alleles to spread was compared with the average resistance allele frequencies obtained with various mitigation approaches in the area around the hotspot. Mitigation approaches were modeled with one generation delay time to simulate the fact that lodged corn (or resistance in our example) is typically detected later in the season when corn rootworm adults have emerged and had the chance to escape the damaged Bt field, or the hypothetical hotspot. The various cases investigated were: 1) no resistance, no mitigation (r-frequency ¼ 0.005 globally); 2) hotspot resistance (r-frequency ¼ 0.10) with site-specific mitigation and randomly selected mitigation tools (in UXI site only); 3) hotspot resistance with the first mitigation in the UXI site being crop rotation and thereafter followed by random selection of mitigation tools; and 4) hotspot resistance when 70% of the fields in the landscape were randomly selected and received random mitigation. Outside the hotspot site, population densities were randomly initialized, and r-frequencies were maintained at 0.005. In Scenario 7, widespread resistance was assumed to occur in the landscape (r-frequency ¼ 0.10 at Locus 1). Resistance allele frequencies at Locus 2 in all fields were increased to simulate prior commercialization of the Bt trait (r-frequency mode ¼ 0.015). The economic threshold for adult spraying was set lower to 0.75 adults per plant (IFSM 2015) to control for egg-laying in next year's cornfields. First, a baseline scenario was explored with Bt deployment and standard 5% refuge in all fields to determine the average time to resistance at both loci in absence of any mitigation of resistance (Scenario 7a); non-compliance with block refuges was incorporated according to Table 1 . The mitigation tools were the same as the IPM strategies described above but excluded non-corn rootworm-protected corn þ SAI. Second, we assessed by how much resistance could be delayed if mitigation with randomly selected approaches occurred at the beginning of a simulation in 70% of randomly selected fields (Scenario 7b) and 100% of the fields in the landscape (Scenario 7c) to address the difficulty in controlling grower behavior. The model was used to project the number of years before the pyramid failed (r-frequency at both loci ! 0.50).
Analysis
We analyzed the data using R software (R Core Team, 2013, package version 3.0.2). The effects of single IPM strategies (Scenarios 2-4) on the durability of the dual-gene pyramid were evaluated and compared with planting a Bt pyramid with the standard refuge using a one-way analysis of variance (ANOVA; 100 simulations each); bootstrap analyses were conducted to estimate differences in the distributions of time to resistance between RIB and external block refuge simulations. The 95% confidence intervals (CIs) for the ratio of the distributions at the 5% quantile were calculated to report the significance level using the "adjusted percentile method" (BCa; Davison and Hinckley, 1997) . The bootstrap CIs reported were based on 10,000 bootstrap samples of r replicates. The joint effects of all IPM tools at different participation percentages (including and excluding non-Bt corn) were evaluated using a one-way ANOVA for RIBs and blocks. All bootstrap analyses were performed to identify whether different IPM participation percentages lead to significant differences in time to resistance for the pyramid when deployed with a RIB or block refuge.
Effects of timing of mitigation on the spread and increase in resistance allele frequency in the immediate landscape (first five rectangular sections around and including the hotspot) were assessed one generation after resistance was detected in the unexpected injury site. Variability sampling for life-history characteristics and refuge non-compliance was switched off, and these parameters had their value fixed at the mode to reduce stochastic noise and to more easily detect patterns in the landscape. The remaining source of variability in the simulations stemmed from randomly initializing the egg load in the fields at the beginning of a simulation and the random selection of IPM tools for each field at the beginning of a generation run (resulting in between-field variation).
Model Analysis
Quality Control and Model Verification
Validation of the spatially explicit model included multiple steps: division by zero was protected against; Hardy-Weinberg frequencies were hand-calculated and compared against values computed by the model; the population dynamics (without selection) were compared with known (published or anecdotal) dynamics in the field (Caprio et al. 2006 ); and the model was run without selection to ensure allele frequencies did not change.
We verified the current corn rootworm model against Caprio and Glaser (2010;  which was based on Caprio et al. 2006 ) by running 40 block refuge simulations with zero percent refuge as well as a 15% refuge (assuming all growers were partially non-compliant with refuge planting), dose mortality assumptions by Caprio and Glaser, assuming 30% non-random mating in a Bt field, and no density dependence to match the authors' assumptions. We report a 3.03-fold difference in durability here between the two scenarios compared with the 3.9-fold difference reported by Caprio and Glaser (2010) and conclude that the probabilistic model used for these analyses behaves very similarly to the Caprio-Glaser model. Part of the observed difference should be attributed to different model structures, assumptions of variability for other parameters (probability distribution for refuge compliance, while we fixed the value at 15%). Finally, the difference could simply be sampling error due to fewer simulations (40 vs. 2000) . Caprio and Glaser ran many more simulations because they conducted a risk assessment and were interested in identifying significant differences between modeled scenarios; we conducted fewer simulations because we were interested in the general trend of our model compared with the Caprio-Glaser model.
Sensitivity Analysis
In this exploratory analysis, we studied four factors specifically: general pre-reproductive diffusivity (D g ), female post-mating diffusivity (D f ), and proportion of individuals engaging in pre-and post-mating dispersal (AD g and AD f ). The sensitivity analysis was conducted once with a refuge of 5% and once with a hypothetical refuge of 50%. A broader range of values for diffusivity was chosen to address the uncertainties and lack of empirical field data for corn rootworm inter-field dispersal as well as female post-mating dispersal. The explored values for pre-reproductive diffusivity ranged from 0.5 to 30 fields 2 per generation (or 707 to 5,476 m), while the range for post-mating diffusivity was explored from 2 to 30 fields 2 per generation (or 1,414 to 5,476 m). The maximum value of the ranges was set lower than the matrix size (51 Â 51 fields). Dispersal proportions for both types of movement were explored from 5 to 80%. For all sensitivity scenarios, initial resistance allele frequencies were set to 0.005, with the default (modal) dominance and survivorship values listed for Locus 1 and 2 ( Table 1) . The model was run in the deterministic mode; egg loads were initialized at random in each field.
We found that varying diffusivity (pre-reproductive and post-mating) as well as dispersal proportions had no impact on the time to resistance for the dual-gene pyramid when the refuge was fixed at a 5% refuge. When we increased the refuge to 50%, we found that the durability of the pyramid increased by about 10 generations if D ¼ 0.5 fields 2 per generation. When we increased diffusivity D (preand post-reproductive), the durability of the non-high dose pyramid was initially extended by several generations. The highest durability in our system was achieved with D ranging between 10 to 15 fields 2 per generation, and the lowest durability occurred with values < 10 or >15 fields 2 per generation. At values below 10 and above 15 fields 2 per generation, no difference in durability was observed in our modeling system. The threshold values for D projecting greatest durability for the pyramid are relative and dependent on the size of the matrix. As diffusivity increases and potentially resistant insects disperse farther away from the natal field, the probability increases that resistance alleles "wrap around" the torus and are placed closer to their site of origin (or another hypothetical resistant site like their natal field) rather than dispersed throughout the matrix.
When we increased both general adult and female dispersal proportion (AD) to greater than 0.50 with diffusivity D 10 and a 50% refuge, the durability of the pyramid increased by several generations; below 0.50, the durability was not affected. When the diffusivity D was ! 10, increasing the proportion of insects that left the natal field reduced the durability by several generations returning the estimated time to resistance to values of low diffusivity and AD < 0.50.
The sensitivity analysis informs that increasing the values for parameters D and AD becomes important in our theoretical model when we consider greater refuge sizes than 5% (e.g., increased refuge of 20%) or possibly when population densities are high in response to resistance evolution, for example, in the hotspot. In our IPM simulations with different refuge proportions and non-corn rootwormprotected corn, it is feasible that durability estimates are, therefore, positively affected by the current diffusivity values. The parameter values for "dispersal proportion" are 0.30, however, and should not impart additional durability to the non-high dose pyramid.
Results
Individual IPM and IRM Tools and Durability Estimates
A 5% block refuge and 5% RIB estimated lower mean durability for the pyramid (21.7 and 22.2 generations, respectively; Table 2 ). Bootstrap results showed that based on the confidence limits, there was no statistically significant difference between the two IRM strategies (BCa CI for ratio of quantiles: [0.9444, 1.0588]). Bt þ SAI did not improve the lifetime of the pyramid for blocks and RIBs with a 5% refuge compared with only planting Bt and a 5% refuge (P-value > 0.05); block refuge simulations in this comparison estimated a significantly greater durability for the pyramid than RIBs based on the distribution of simulation results (BCa CI: [0.8333, 0.8333]), though the mean estimates were the same (21.7 yr). Increasing the refuge proportion from 5 to 20% on all fields for the non-high dose pyramid led to marginally greater projected durabilities, which differed significantly from the previous two strategies (P-values < 0.05; block mean: 25.5 yr, RIB mean: 28.5 yr), and no significant difference between durability distributions for blocks and RIBs was observed (BCa CI: [0.8696, 1.0500]). The percent increase in durability from raising the refuge from 5 to 20% compared with Bt þ refuge and Bt þ refuge þ SAI was approximately 18% for both blocks and RIBs. Crop rotation to a non-host on all fields (each generation) resulted in theoretical population extirpation of corn rootworm within four to six generations for RIBs and block strategies when 2% volunteer corn was present each year but ignoring other potentially cultivated host crops in the agricultural landscape (e.g., grasses, Levine and Oloumni-Sadeghi 1991) . No significant difference was reported between distributions of block and RIB simulations (BCa CI: [0.800, 1.000]). From a practical perspective, crop rotation was the best strategy to extend the durability of the pyramid, followed by Bt deployment with increased refuge size (20%), and then, finally, Bt þ 5% refuge or Bt þ 5% refuge þ SAI (Blocks: F ¼ 1039.0, df ¼ 3,396, P-value < 2e À 16 ; RIBs: F ¼ 1496.0, df ¼ 3,396, P-value < 2e À16 ).
IPM Upfront with Bt Deployment 1 Refuge: Durability Estimates
The analysis simulating "IPM upfront" with deploying the Bt pyramid showed that as IPM participation rate increased, the durability of the pyramid generally increased as well (Table 3 ; Fig. 3) . In addition, when the non-corn rootworm corn option þ SAI were included, the durability at the same IPM participation percentage always increased. For example, an increase of 15.7, 13.9, and 21.6% was observed at 40, 50, and 70% IPM participation (respectively) for blocks with the inclusion of the non-Bt corn option as a management tool. For RIBs, the respective gains in durability with including non-selective periods were 11.6, 15.7, and 19.6% at 40, 50, and 70% IPM participation. Baseline simulation scenario: Bt þ 5% refuge without any other management tactic; results were based on 100 simulations each;* time to extermination; crop rotation allows for 2% volunteer corn (Bt and refuge plants); refuge was increased from 5% to 20%. Letters of statistical significance refer to ANOVA conducted within an IRM strategy. SEM ¼ standard error of mean.
When a comparison was made between the results obtained for block and RIB simulations, a block strategy with IPM (including a degree of grower non-compliance with refuge plantings) was 50% of the time less durable than a RIB strategy (Table 4 ). RIBs were more durable at the higher IPM participation percentage and when non-corn rootworm-protected corn þ SAI were included as a management tool but not at the lower IPM participation (40%). At 40% IPM participation a significant difference was, however, identified between blocks and RIBs when non-selective periods were excluded from the simulations included.
Mitigation of Hotspot Resistance one Generation After Field Failure
Block and RIB simulations gave similar numerical results over the first six generations reported; hence, no distinction was made when the various results were reported for hotspot resistance. Although simulations were run in the deterministic mode, some numerical fluctuations were observed for average rectangular section and average landscape r-frequencies between simulations because different mitigation strategies had different effects on the resistance allele frequency (stochastic noise). Figure 4 (baseline scenario) shows how hotspot resistance spread throughout the local neighborhood (five fields removed from hotspot) over six generations in absence of mitigation. The resistance allele frequency in the rectangular section immediately surrounding the hotspot (Â ¼1) increased from approximately 0.015 to 0.62 over the time explored. In the rectangular section three fields removed from the hotspot, the resistance allele frequency dropped off significantly in Generation 1 (r-freq ¼ 0.010) and increased to 0.41 in Generation 6. Throughout the remainder of the landscape, the resistance allele frequency first continued to decrease and then remained unaffected by our dispersal assumptions (data not included in Fig. 4 ). This suggests that mitigation actions in response to corn rootworm (hotspot) resistance should be most effective if the focus is on the neighborhood area surrounding a hotspot. A resistance phenomenon became visible in the hotspot where it remained most pronounced throughout the six generations tested.
When mitigation of resistance focused on the UXI site only with mitigation strategies randomly selected one generation after resistance was first visually detected, then the average resistance allele frequencies in the neighborhood over six generations did not differ from the baseline scenario ( Fig. 5: 10% resistance, no mitigation). When mitigation occurred on 70% of the fields in the matrix and 100% in the UXI site after one generation, the spread of resistance allele frequency in the matrix was subsequently slowed and about twofold lower in Generation 6 compared with the site-specific mitigation and randomly selected mitigation tools. However, when crop rotation occurred as a first strategy of UXI mitigation, followed by randomly selected mitigation tools, then hotspot mitigation was more successful at slowing the spread of resistance than regional mitigation (Fig. 5) . The lowest resistance allele frequency was attained with the scenario of "no resistance, no mitigation."
Mitigation When Resistance is Widespread at one Locus
When mitigation of resistance at Locus 1 occurred on 70% of randomly selected fields in the landscape assuming a degree of grower non-compliance, block scenarios extended the durability of the compromised pyramid by 13.6% relative to the "no mitigation" case (P-value < 1.0 À04 ) ( Table 5 ). Without mitigation, resistance evolved at the second gene in 10.3 years. If mitigation actions occurred in 100% of the landscape, then the durability was increased by 18.4%, and resistance did not evolve until after Year 12 (P-value < 1.0e À04 ). A statistically significant difference in the lifetime of the pyramid was achieved by mitigating in 100% instead of 70% of the fields (P-value ¼ 0.0038); the projected gained lifetime was less than one year, however. With a RIB deployment and 70% regional mitigation, the increase in lifetime of the pyramid was 14.0% compared with a "no mitigation" baseline scenario (10.0 years; Table 5 ; P-value < 1.0e À04 ). If 100% of the fields in the matrix were remediated, then the durability of the pyramid was extended by 18.0% compared with no mitigation (P-value < 1.0e À04 ) and lasted a total of 11.8 years. The difference in lifetime between a 100 and 70% mitigation approach was statistically significant (P-value ¼ 0.0153) but not biologically significant (less than one year).
Discussion
Results for "IPM with Bt corn deployment" provide two main insights. First, the greater the IPM adoption percentage in a region, the longer resistance can be delayed to a non-high dose Bt pyramid. This is encouraging in light of the rapid resistance evolution witnessed in the field to Cry3Bb1 (Gassmann et al. 2011 , Gray 2012 , Wangila et al. 2015 . Though current corn rootworm products express an intermediate Bt dose, if IPM was practiced by as many growers as possible on a small regional scale (e.g., county level), then our simulation analysis supports that often the Bt technology could be preserved much longer. If short-term economic benefits are high, however (e.g., high commodity prices, subsidy programs, biofuel policies; Andow et al. 2015) , then a multiyear corn rootworm management approach may be too risky or unacceptable from a corn grower's perspective. This theoretical analysis confirms the previous recommendations that a long-term IPM approach consisting Fig. 5 . Average neighborhood resistance allele frequency (blue and red section in Fig. 2 .) over six generations with different mitigation approaches and always having 95% Bt and 5% refuge in each field. Solid line ¼ no resistance, no mitigation; large broken line ¼ 10% resistance in hotspot (HS), crop rotation occurred in HS in first year of mitigation, followed by randomly selected mitigation tools thereafter; small broken line ¼ 10% resistance in HS, 70% of fields mitigated with randomly selected mitigation tools; dotted line ¼ HS mitigation with randomly selected tools; irregular broken line ¼ resistance in HS in year 1, no mitigation but 95% Bt +5% refuge in each field. Note: Mean lifetime for pyramid is displayed with range. ANOVA results were reported for within-IRM strategy (horizontal) comparison. Assumption that regional IRAF was 10% at Locus 1. Failure of pyramid occurred in model when resistance allele frequencies at both loci were ! 0.50; at this point, the simulations were terminated. Non-Bt corn option was withheld from mitigation strategies. Mitigation tools to be applied and fields to be mitigated each generation were selected at random. of, for example, rotation of Bt modes of action, sensible use of insecticides, planting of non-Bt corn with SAI, and crop rotation is needed to delay resistance development to corn rootworm-protected Bt corn (Porter et al. 2012 , Tabashnik and Gould 2012 , Cullen et al. 2013 , US EPA FIFRA SAP 2014 , Andow et al. 2015 . In areas of Illinois where the rotation-resistant variant corn rootworm occurs, a corn-to-soy rotation would not be a successful strategy to reduce corn rootworm populations in corn the following year or slow resistance from spreading in the area, but an additional year of crop rotation would need to be considered to, for example, unattractive wheat to deter egg-laying by females (Onstad et al. 2003) . Though Onstad et al. (2003) modeled the delay of evolution of rotation resistance in corn rootworm through the Corn Belt with such a three-year rotation scheme, this strategy should also be effective at increasing the lifetime of Bt corn in these areas. Whether a multiyear crop rotation scheme is a practical solution for corn growers in the rotation-resistant variant zone is debatable, and the answers likely vary from farm to farm. A theoretical analysis could further characterize the benefits of such an approach by including economic factors that guide a Bt corn grower's choices.
The second insight gained from our results is that non-selective periods interspersed with a fixed number of management strategies can further extend the lifetime of a non-high dose Bt pyramid compared with the same management approach excluding non-selective periods (US EPA FIFRA SAP 2014) . By planting non-corn rootworm-protected maize in a mosaic with other control methods, resistance in corn rootworm could be further delayed, and planting of non-Bt expressing corn has shown to generate economic benefits to growers (Hutchison et al. 2010) . It might be especially useful for growers to plant non-corn rootworm-protected corn with an SAI in a field that was previously planted to soybean (or unattractive wheat) because these crops ensure no or lower pest pressure (if volunteer corn was present) during the next corn planting season. The benefit of including non-corn rootworm-protected maize in the landscape was more pronounced in our simulations for RIBs (5% refuge), and increased the durability compared with the block strategy (with some degree of grower non-compliance) -likely because this increased the overall susceptible pool of insects in a system where we might have overestimated larval mortality with a uniform interplant movement probability. When we modeled 5% block deployments with 100% grower refuge compliance (data not shown), then blocks always significantly exceeded the durability of RIBs. Caprio and Glaser (2010) found that a 20% structured block refuge for single Bt corn always exceeded the durability of 10% RIB, with some grower refuge non-compliance post-mating dispersal as supported by flight mill studies (Coats et al. 1986 , Naranjo 1990 , and refuges planted in the same location year after year. Future IPM with Bt deployment analyses could explore asynchronous emergence from Bt and refuge plants in block simulations, incorporate daily dispersal steps and mating events in addition to a more complex landscape consisting of distinct pyramids, single Bt corn with a 20% block refuge, and 10% RIB configuration to further quantify the presented benefits. It may also be useful to consider a small degree of non-random mating in RIBs. Based on the current analyses, we conclude that more diverse management approaches for corn rootworm with grower IPM participation (as measured on a per field basis) at the outset of a Bt product commercialization are effective at slowing the adaptation rate of western corn rootworm. The geographic scale on which IPM participation is measured should be smaller rather than larger as to maximize the overall IPM use on fields in the Corn Belt. The percent durability gains reported here between different IPM participation can fluctuate based on assumptions made in our model (e.g., degree of non-random mating in block refuge simulations or lack thereof in RIBs, non-compliance with refuge plantings, and dose for the Bt traits). As non-compliance and non-random mating increase, it can be expected that the durability of the pyramid decreases; higher dose assumptions for the Bt traits would contribute to increasing the projected lifetime, however.
As expected, the separate analyses investigating the effectiveness of delaying resistance with each management tool at the outset of Bt commercialization indicate that not all control strategies perform equally well. The actual number of years projected by each corn rootworm management tool explored is not considered as important as their relative ranking because all models are considered approximations (Chatfield 2006 ) -though some models are better than others. As the presented results depend on our model structure, dispersal function, input parameters, type of density dependence, and other assumptions, we focused on the relative durability between different management tools rather than absolute mean estimates of lifetime. This view of results removes expectations for timelines and still allows quantitative comparisons between different model outputs. Rotation to a non-host crop, such as soybean in our system, was most effective at delaying resistance evolution to the western corn rootworm (US EPA FIFRA SAP 2014) and resulted in extirpation of the pest when assessed in isolation. Though this approach of testing each strategy in isolation was a simplification, we propose that rotation to a non-host crop should be used more often (i.e., spatially and temporally) in the management scheme on a farm and across a region. Crop rotation may be especially effective in nonmajor corn-growing states of the United States where selection pressure for corn rootworm and resistance occurrences to the presently commercialized Bt traits is not as high as in Corn Belt areas with continuous corn year after year (Andow et al. 2015) . The second best management strategy was to increase the refuge for the Bt pyramid from 5 to 20%; Tabashnik and Gould (2012) recommended a 50% refuge to increase the lifetime for single Bt corn. For growers to plant a greater area to refuge corn may require incentive programs. Andow et al. (2015) postulate that large increases in refuge size may not be feasible to growers because this also increases corn rootworm densities and pest injury.
If hotspot resistance is a realistic assumption for corn rootworm in the Corn Belt, then our simulations imply that a local resistance phenomenon could rapidly establish in the immediate areas surrounding a resistant field in absence of mitigation. In six generations, the resistance allele frequencies increased by a factor of 40 (five fields removed from UXI site) and 120 (fields immediately surrounding UXI site; Figure 4 ). The effect of the resistance spread was mainly witnessed in neighboring fields rather than fields further away from the hotspot. To measure the spread of resistance per generation, it will require explicitly modeling trivial dispersal in addition to inter-field dispersal. We found that resistance alleles spread more slowly when the landscape consisted of pyramided rather than single Bt maize (Martinez 2015) , which suggests that in our current model, the nature of the Bt product (dual-gene pyramid) contributed to creating a local resistance phenomena. Further assessments are needed to explore exact mechanisms. We did not simulate mortality associated with pre-and post-reproductive dispersal and allowed for corn rootworm adults to always locate corn plants; hence, this assumption contributed to overestimating the success of escaping and settling of resistance genes in the landscape. However, by setting inter-field dispersal proportions lower than supported by Spencer (U IL, unpublished data), we simultaneously underestimated the spread of resistance. A future analysis should include adult dispersal mortality and greater dispersal proportions out of the natal fields to assess their combined effects on the spread of resistance.
The modeling results for mitigation in the hotspot site show that a random selection of mitigation tools is ineffective at slowing the spread of corn rootworm resistance out of the UXI site. Regional random mitigation was somewhat more effective compared with random hotspot mitigation. Nevertheless, mitigation was most effective if crop rotation (e.g., to soybean) occurred as the first mitigation measure in the hotspot site. In this case, resistance allele frequencies in the local neighborhood were lower compared with regional random mitigation. This result is in line with Andow et al.'s (2015) recommendation, namely, that mitigation (in response to resistance) should rely on rapid implementation of the most effective mitigation tactic(s). Future explorations of hotspot mitigation should at a minimum account for a more diverse cropping system (e.g., single and multiple pyramided Bt products including cross-resistance between toxins) to further examine the effectiveness of various mitigation approaches and determine a specific geographic scope of mitigation action area under different response time scenarios.
Mitigation in response to widespread (10%) resistance at one locus extended the lifetime of the pyramid; the difference between implementing and excluding mitigation with Bt deployment ranged from 14 to 18%. This gain is much less than the approximate 42% increase in durability when 70% of IPM participation occurred at the time of Bt corn commercialization and strengthens the argument to practice pro-active IPM with IRM to preserve the non-high dose Bt technology targeting corn rootworm (US EPA FIFRA SAP 2014 , Andow et al. 2015 . It also presents a reminder that, once resistance to Bt is widely established, it is more challenging to reduce the resistance allele frequency in absence of cost to resistance. With cost to resistance and no single Bt corn products planted in the landscape, resistance allele frequencies could be reduced and resistance reversed by only deploying Bt pyramids (Gould et al. 2006) ; increasing the amount of non-corn rootworm-protected refuge for pyramids should be another good mitigation tool under these circumstances. A future analysis of widespread resistance should include at least three distinct Bt modes of action deployed as a mosaic in the landscape (pyramided and single toxin corn) to simulate current deployment scenarios in the Corn Belt.
